Introduction {#sec1-1}
============

The ABO blood group system was discovered by Karl Landsteiner in 1900. This is the first human genetic system to be applied to the study population genetics of various population groups. The gene encoding ABO blood groups is located on chromosome 9 at position 9q34.1-q34.2 spanning over 18 kb of genomic DNA. It comprises of seven exons with their size ranging from 28 to 688 bp. The last two exons, namely, 6 and 7 encode for about 77% of the glycosyltransferase and 91% of catalytically active protein part.\[[@ref1]\] Among the ABO alleles, A101 is considered as the reference allele and the other alleles show the sequence variations as compared to this allele. B101 allele differs from it by seven nucleotide polymorphisms. Of these, three are silent alterations while four alterations result in four amino acid changes.\[[@ref2]\]

The O group alleles are considered as the null alleles which occur as the most frequently encountered among the modern humans and encode for a catalytically inactive protein. Among these, the most frequent human O alleles are O01 and O02, which differ in exon 6 and exon 7 by nine nucleotides but share one common deletion of G at position 261.\[[@ref3]\] The O02 (earlier called as O^1^ variant) was first reported in a cancer cell line.\[[@ref2]\] Olsson and Chester found this variant in Swedish donors accounting for about 40% of O alleles while Ogasawara *et al*. detected this allele in 50% of all O alleles from Japan.\[[@ref3][@ref4]\] Apart from these, several variant alleles which carry nt 261(-G) deletion have been reported. They are clubbed together under the heading as "deletional O group alleles." The second group of O alleles is known as "nondeletional group." The first allele in this group, namely, the O03 (O^2^) was detected by Grunnet *et al*. in Danish population and its frequency was found to be 3.7% of O alleles.\[[@ref5]\] In this group, the consensus guanosine at position 261 is present. Hence, this allele encodes a full-length protein. However, mutation at position 802 (Gly268Arg) plays a crucial role in inactivation of the enzymatic property.

A handful of reports on the distribution of O alleles are available from South America, Africa, Europe, Middle East, and Asia.\[[@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21]\] These studies illustrate lot of heterogeneity among the O alleles. The O01 and O02 are the most common alleles seen in these studies. In fact, some of the Amerindian groups have revealed the presence of these two alleles only. Apart from this, several rare O alleles have been identified in different population groups from various continents. In the present study, we report the heterogeneity at molecular level among the O alleles in the diverse Indian population.

Materials and Methods {#sec1-2}
=====================

Samples {#sec2-1}
-------

A total of 116 blood samples were collected from O group individuals from mixed population of Mumbai. For data analysis, data from 34 Parsis, 34 Dhodias, and 26 mixed group individuals which were a part of our earlier work were also included in this study.\[[@ref22]\] In fact, this is the only report available in India on O alleles which was published by our group earlier.\[[@ref22]\]

Methods {#sec2-2}
-------

The O group phenotype was confirmed by the standard serological methods using monoclonal antisera (Ortho Diagnostic, USA). Molecular genotyping for determination of the ABO alleles was performed by PCR-single-strand conformation polymorphism (SSCP) method as described earlier by our group.\[[@ref22]\] Briefly, three fragments covering exon 6 and 7, amplified in separate reactions, were pooled and denatured in the presence of denaturing dye at 95°C for 5 min. They were cooled immediately and electrophoresed on a 10% polyacrylamide gel electrophoresis gel at 400V for 2 and 1/2 h. The products were then visualized by silver staining method. The molecular genotype of the O group samples was then determined by comparing their SSCP patterns with a catalog of SSCP patterns of known genotypes developed at our center. Samples which showed altered banding patterns in SSCP were further characterized by DNA sequencing as described by Cai *et al*., 2008.\[[@ref23]\]

Results {#sec1-3}
=======

A total of 116 O group individuals from mixed group were analyzed. [Figure 1](#F1){ref-type="fig"} depicts the SSCP patterns of various O group individuals showing the presence of common O alleles. As mentioned earlier, the molecular genotypes were directly predicted by comparing the SSCP patterns with those present in the catalog which was prepared earlier at our center.

![Single-strand conformation polymorphism patterns of molecular genotypes of O group individuals with different O alleles. (L to R) Lane 1: O01O01; Lane 2: O01O03; Lane 3: O01O02; Lane 4: O03O02; Lane 5: O02O02](AJTS-12-62-g001){#F1}

[Table 1](#T1){ref-type="table"} shows the distribution of various genotypes seen in the mixed group. For comparison, the data from our earlier report is also included. Ten different genotypes were identified among the mixed group while five genotypes among the Parsis and only three genotypes among Dhodias were identified. Four atypical patterns from mixed group that were not matching with the patterns of the catalog were observed. DNA sequencing was carried out in these samples. Three alleles, namely, O05, O11, and O26 were identified in these samples. The first allele identified was O05 which is a deletional O allele and also showed 297A\>G polymorphism. The following polymorphisms: 261delG, 297A\>G, 542G\>A, 646T\>A, 681G\>A, 771C\>T, and 829G\>A in exons 6 and 7 confirmed O11 allele while a deletional O allele with the presence of 768C\>A alteration confirmed O26 allele.

###### 

Different O genotypes seen in the present study and compared with earlier studies in Indian population

![](AJTS-12-62-g002)

The O01O01 was the most common genotype found among mixed group whereas O01O02 was found as the most common genotype among the Dhodias and the Parsis. [Table 2](#T2){ref-type="table"} shows the frequencies of various O alleles detected in the present study as well as our previous report. Among Parsis and Dhodias, only three and two O alleles were identified, respectively. While the frequency of O01 varied in the range of 0.5211--0.5357, the same for O02 allele varied in the range of 0.3521--0.4265. [Table 3](#T3){ref-type="table"} reveals the Chi-square values obtained for different genotypes in the study. It is surprising to see that the O01O02 genotype, which is the most common genotype in all the groups, shows significant Chi-square values as the observed numbers being higher than the expected numbers. [Table 4](#T4){ref-type="table"} shows the comparison on the gene frequencies of O01 and O02, the most common O alleles among various population groups screened from different countries in the world. Aborigines from South America show the very high frequencies of these alleles. In many populations, these are the only two O alleles detected.\[[@ref6]\] Lot of variation is seen in the frequency of these alleles in the world population. The third row of this table represents Chi-square values for O01O02 genotype in different populations. It shows that out of 26 population groups, only 10 groups show statistically nonsignificant χ^2^ values. In other words, in 16 groups O01O02 genotype did not follow Hardy--Weinberg equilibrium.

###### 

Frequencies of different O group alleles identified in the Indian population
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###### 

Various genotypes seen in O group individuals and Hardy-Weinberg equilibrium
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###### 

Distribution of O01 and O02 alleles and χ^2^ values for O01O02 genotype in different populations worldwide
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In our study too, the O01 and O02 have been the most common alleles. Frequency of O01 varied among Parsis, Dhodias, and mixed group individuals (0.5588, 0.5735, and 0.5211, respectively). This frequency is comparable to the other Middle East and Asian populations as well as in some populations from South America and Europe.\[[@ref7][@ref13][@ref14][@ref17][@ref18]\] The O02 allele was more frequent among the Dhodias (0.4265) as compared to the Parsis (0.3971) and the mixed group (0.3521).

Discussion {#sec1-4}
==========

A total of six O group alleles have been identified in the present study. Dhodias, a tribal group from Gujarat, revealed the presence of two alleles found usually among the aborigines from South America. Similarly the Parsis, a group migrated from Iran, showed the presence of only three alleles, namely, O01, O02 the common alleles, and O03, a nondeletional allele with a frequency of 0.0441. The less common alleles were identified among the mixed group individuals.

There are very few reports in literature describing the heterogeneity of O alleles.\[[@ref3][@ref4][@ref7][@ref14]\] If we see the number of O alleles in these studies, the O01 and O02 which are the deletional O alleles are the most common ones occurring with variable frequencies. Apart from these two, some rare or variant O alleles are also seen. Among Asians, Fukumori *et al*. screened Japanese population and reported the presence of only two O alleles, namely, O01 and O02.\[[@ref24]\] However, Ogasawara *et al*. identified four alleles (O04, O05, O06, and O07) being reported for the first time along with O01 and O02.\[[@ref4]\] Yang *et al*. screened Chinese Han population from Guangdong Province of China and found that O01 and O02 accounted for almost 97% of all O alleles while six variant O alleles including O05 were identified.\[[@ref17][@ref18]\] Interestingly, O01O02 genotype was within the Hardy--Weinberg equilibrium in this series. Zhu *et al*. reported that O01 and O02 accounted for almost 98% of all O alleles among Han population from Eastern mainland of China.\[[@ref18]\] O05, O07, O50, and O61 were the less common alleles identified in this study. Apart from O01 and O02, Tsai *et al*. did not find any rare allele among Koreans.\[[@ref25]\] In Kuwait, Yip *et al*. found different set of rare alleles (O59, O09, O58, O44, and O48).\[[@ref16]\] In the present study, three less common alleles, namely, O05, O11, and O26 have been identified. O05, a recombinant allele with O01 and O02 being parental alleles was found in two individuals, among which one was homozygous. Earlier, O26 was detected among Basques from France and Spain.\[[@ref7]\] Later on, it was detected among Germans\[[@ref11]\] and in the present study, detected among the Indians.

O11 allele was seen in three individuals in heterozygous condition. Among these, one individual (mixed group population) belonged to Sindhi, a population group migrated from the Sindh province of the present day Pakistan. This case is a part of our earlier report.\[[@ref22]\] Communities of the remaining two individuals were not known. Earlier this, allele accounted for 4% of all O alleles in Cayapas from Ecuador, 12% in Ayamaras from Bolivia, and as high as 43% in Amerindians from Brazil.\[[@ref7]\] Interestingly, this allele has got 542G \> A polymorphism which has been considered as ancestry informative marker among the native Americans.\[[@ref26]\] Olsson *et al*. suggested that this alteration must have arisen before the man migrated to America.\[[@ref6]\] O05 is a recombinant allele was first detected by Ogasawara et al (1996) among Japanese.\[[@ref4][@ref27]\] This was also detected among the Han population from China.\[[@ref17][@ref18]\] Recently, Umbria *et al*. detected all the three above mentioned less common alleles among Spanish and Polish groups from Spain and Poland, respectively.\[[@ref13]\]

In spite of this, it can be argued that rare alleles are not population specific because many population groups are not screened and data from only 20--25 population groups from all over the world is available today. These groups are very specific groups such as Basques, Akanes, and Berbers and on the other hand, broad groups such as Kuwaitis, Jordanians, and some Europeans.

It is known that in the ABO blood group system the gene/allele frequency depends on a combination of various forces such as selection against infectious diseases, namely, plague or cholera, genetic drift, and founder effect in isolated population groups.\[[@ref28]\]

Indian population is characterized by large number of ethnic and tribal groups.\[[@ref29][@ref30]\] They follow endogamy and sometimes consanguinity. Due to the founder effect, many genetic markers (disorders) show high prevalence in different ethnic groups. For example, 31.4% of G6PD deficiency is seen among tribal group Gamit from Gujarat.\[[@ref31]\] In case of thalassemia or hemophilia, high prevalence of a specific mutation has been observed in particular community. Codon 5(-CT) in Vatalia Prajapatis, codon 30(G \> A) in Kachhi Patels, codon 47 (+A) among Nicobaris from Adaman and Nicobar islands, and Factor IX mutation (G10430A) in Gujarati population are some of the examples to be considered.\[[@ref32][@ref33][@ref34][@ref35]\]

It has been argued that blood group O provides a selective advantage against severe malaria.\[[@ref36][@ref37]\] It is also presumed that O group has arisen in Africa before the migration of early humans. This is supported by the analysis of two male Neanderthals who showed nt 261(-G) deletion.\[[@ref38]\] Severe malaria must have resulted in the death of millions of people every year and thus in the selection of survival genes, namely, O group, must have occurred.\[[@ref39]\]

On development of techniques for molecular genotyping, phylogenetic network analysis was carried out which led to the conclusion that the alleles O01, O04, and O05 may belong to the same evolutionary lineage as A group whereas the alleles O02, O06, and O07 may belong to another lineage that differs from A and B.\[[@ref4]\] Roubinet *et al*., after analyzing 814 O chromosomes, reported that O02 is the most ancient allele and that this allele would have undergone many mutations without any functional impact because it is just a null allele.\[[@ref7]\] All other alleles share a specific deletion (261delG) with O02, so it must be more recent and could have been transferred from O02 to the O01 lineage either by recombination between O02 and A101 or by gene conversion between O01 and O02. Calafell *et al*., after extensive analysis, concluded that the specific deletion giving rise to O null allele is likely to have occurred at least three times in human evolution giving rise to three distinct lineages, namely, O01, O02, and O09.\[[@ref40]\]

Thus, O01 becomes a recombinant O allele even though we consider it as a reference allele for O group. In a context of balancing selection, in which the null alleles may have been selected for, O01 may have been driven to high frequencies at the expense of A and B alleles but not of the preexisting O02. This may partially explain why the two very different alleles may coexist at a high frequency.\[[@ref40]\]

In the present study, we tried to see whether O01O02 genotype is in the Hardy--Weinberg equilibrium in various population groups from different countries. In several groups, it is not in equilibrium. The evolutionary history suggests that balancing selection has maintained a polymorphism at the ABO locus for millions of years and the variants which occur at higher frequencies are important from the fitness point of view. The mechanism of balancing selection is not yet clear. Frequency-dependent selection and heterozygote advantage are one of the two possibilities.

Conclusion {#sec1-5}
==========

In conclusion, after analyzing the data on O alleles from various populations in the world screened so far, important information emerges out and that is O01O02 genotype is affected by some unknown selective force. This is evident from the fact that expected values in population groups are less than the observed values in case of O01O02 genotype. However, more data from different population groups residing in different geographical areas and ecological settings are required before we reach to conclusions. Similarly, in the Indian context, many more population groups from different states of India need to be screened to get an idea about distribution of various O alleles.
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